ABSTRACT The biodegradation of naphthalene in sea water by freely suspended and alginate-entrapped cells of Pseudomonas stutzeri 19SMN4 has been investigated in batch cultures. The results showed that immobilized cells can be stored at 4
highly affected by the availability of nitrogen and phosphorous, so at 30
• C a naphthalene concentration of 25 mM was almost completely degraded (93%) by free cells in 6 days in samples supplemented with these nutrients, whereas only 42% naphthalene was consumed in the nonsupplemented samples. Biodegradation was much slower at 16
• C than at 30 • C; after 6 days of culture at 30
• C, almost all naphthalene was degradated by free and immobilized cells, whereas only 22% and 34% at 16
• C, respectively. The degradation rate remained unaffected when the naphthalene concentration was reduced from 25 to 10 mM. Alginate of three different viscosities was used for immobilization of cells. After 7 days of culture, beads formed with 31.4 cP alginate were fragmented, whereas beads formed with 240 and 3600 cP did not display structural changes and afforded the same degradation rate. Beads formed with high-viscosity alginate retained cells more efficiently.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are considered as important environmental pollutants (Soniassy et al., 1994) . The marine environment is subjected to contamination by PAHs from a variety of sources, mainly of anthropogenic nature (García et al., 1998) , as well as by large-scale oil spills. In quantitative terms, crude oil is one of the most important sources of contamination and it has been estimated that such pollution represents between 1.7 and 8.8 × 10 6 tons of petroleum hydrocarbons that impact marine waters and estuaries annually (Head and Swannell, 1999) .
Naphthalene is a PAH that has been classified as a potential human carcinogen by international agencies (the International Agency for Research on Cancer [IARC] , the US Environmental Protection Agency [US EPA], and the Deutsche Forschungsgemeinschaft [DFG] ) (Preuss et al., 2003) . Naphthalene is among the most toxic components in the water-soluble fraction of crude oils and has been shown to be concentrated in vertebrate and invertebrate marine organisms (Sharanagouda and Karegoudar, 2001) . Its toxicity, together with its chemical persistence, means that this compound is extremely dangerous as an environmental contaminant (Bamforth and Singleton, 2005) .
Biological methods of treatment have proved to offer good alternatives for the degradation of naphthalene. Several reports on the naphthalene degradation by different microorganisms have appeared (Manohar and Karegoudar, 1998; Abou Seoud and Maachi, 2003) , but there are very few reports addressing marine environments.
The release of hydrocarbons into aquatic environments that contain low concentrations of inorganic nutrients often produces unfavorable carbon/nitrogen or carbon/phosphorous ratios for the microbial growth (Van Hamme et al., 2003) . The lack of availability of nitrogen and phosphorus limits the microbial degradation of hydrocarbons in seawater (Leahy and Colwell, 1990) . Temperature is another important factor affecting the biodegradation of PAHs. Increasing temperatures facilitate the solubility of PAHs and hence their bioavailability. Degradation rates are generally observed to decrease with decreasing temperature; this is believed to be a result of diminished rates of enzymatic activity and the low bioavailability of PAHs at low temperatures (Bamforth and Singleton, 2005) .
The species of the genus Pseudomonas are metabolically versatile. They are able to use a large number of organic compounds, among them aromatic hydrocarbons, as their sole carbon and energy sources (Palleroni, 1984) . Within this genus, the species Pseudomonas stutzeri 19SMN4 is able to take advantage of naphthalene as the sole carbon and energy source. This trait is conferred by plasmid pLIB119, which codifies naphthalene degradation pathways (Rosselló et al., 1991) .
The immobilization of hydrocarbons degraders may solve the problem of the dilution of microorganisms in open waters. In comparison with free cells, the use of immobilized cells has several advantages: (i) a high population density can be achieved in a limited volume; (ii) it limits substrate inhibition and toxicity to microorganisms by diffusional constrains; (iii) it affords cellular protection against adverse environmental conditions; (iv) it is a reusable application, which reduces overall costs and facilitates cell storage over long periods with no loss of their degrading capacities (Quek et al., 2006) .
The degradation of naphthalene using immobilized Pseudomonas spp. in several different matrices has been studied previously (Manohar and Karegoudar, 1998; Manohar et al., 2001; Abou Seoud and Maachi, 2003) . Thus, K-carrageenan, alginate, agar, polyacrylamidehydrazide, and polyurethane foam have been used successfully for the immobilization of microorganisms. Alginate has several advantages over others. In addition to its high porosity and chemical stability, it offers a mild, fast, simple, and cheap immobilization method (Fukui and Tanaka, 1982) . The stability of alginate spheres and the prevention of their breakdown are important factors for the proper long-term functioning of immobilized beads. However, there are several variables that affect the mechanical strength and durability of alginate beads, among them viscosity (Darrabie et al., 2006) .
The aim of the present study is to quantify the degradation of different initial concentrations of naphthalene by free and immobilized Pseudomonas stutzeri 19SMN4 cells in conditions similar to the marine environment, with a view to estimating the effects of different viscosities of calcium alginate on cell release and degradation, and testing the appropriateness of supplementing the medium with mineral nutrients.
MATERIALS AND METHODS Bacterial Strain and Culture Media
The naphthalene-degrading microorganism Pseudomonas stutzeri 19SMN4 used in this study was isolated from marine sediment enrichment with 2-methylnaphthalene (Rosselló et al., 1991) .
The medium used for preculture of the bacterium contained (per liter): 12.8 g of Na 2 HPO 4 ·7H 2 O, 3 g of KH 2 PO 4 , 0.5 g of NaCl, 1 g of NH 4 Cl, 0.246 g of MgSO 4 ·7H 2 O, and 0.147 g of CaCl 2 ·2H 2 O. The pH of the medium was adjusted to 7 and the medium was sterilized by autoclaving at 121 • C for 15 min. The sterilized medium was then supplemented with 15 mg L −1 of Tween 80 and naphthalene (0.1% w/v) (Fluka; purity >99%). Preculture of the bacterium was carried out at 30 • C on a rotary shaker at 180 rpm.
For naphthalene degradation studies, seawater collected from a beach on the Galician coast (Lagos beach, Spain), (pH 8.20 , and salinity 33 mg L −1 ) was used. When necessary, the seawater was supplemented with K 2 HPO 4 as a source of phosphorous at a C/P ratio of 30:1, and NH 4 NO 3 as a nitrogen source, at a C/N ratio of 10:1 (Ahn et al., 1998) . Naphthalene was added to the sterilized recipients at a final concentration of 25 mM or 10 mM from stock solutions in hexane (80 g L −1 ). After evaporation of the solvent, the culture medium was added to the naphthalene and subjected to ultrasonic treatment for 5 min.
The samples were incubated in the darkness to avoid the photooxidation of naphthalene (McConkey et al., 2002) .
Analytical Method
Naphthalene was extracted from spent medium with an equal volume of hexane (Panreac; PAI) (Aranha and Brown, 1981) . The mixture was vortexed for 5 min in order to dissolve the naphthalene in the organic phase. The mixture was then transferred to a Corex tube and centrifuged at 12000 rpm for 5 min in a Beckman J2-MC centrifuge in order to separate the organic and aqueous phases. A 1-ml aliquot was taken from the organic phase and naphthalene was quantified by HPLC (Waters), the injection volume being 10 µl. Detection was carried using a Waters 996 Photodiode array detector (wavelength 254 nm). A standard curve (y = 0.0133x, R 2 = .9994; x = naphthalene concentration [mM], y = HPLC peaks area) was constructed from different naphthalene concentrations in hexane (1, 5, 10, 15, 20, 25 , and 30 mM), each measurement being carried out in triplicate.
Immobilization Method
Alginate entrapment of cells was performed according to the method of Bettman and Rehm (1984) , with modifications.
The cells from an early stationary-phase preculture of P. stutzeri were routinely harvested by centrifugation and washed twice in a 0.9% NaCl solution.
Three different alginic acid types were used: Aldrich 180947 (viscosity 31.40 cP) and Sigma A0682 (low viscosity 240 cP) and A2033 (medium viscosity 3600 cP).
Alginate was dissolved in 0.9% NaCl overnight and sterilized by autoclaving (121 • C, 15 min). Alginate beads containing immobilized P. stutzeri cells were prepared as follows: 1 g of alginate was dissolved in 40 ml of 0.9% NaCl overnight and sterilized by autoclaving; 2 g of P. stutzeri cells (wet weight) were resuspended in 8 ml of sterile 0.9% NaCl and added to the previous solution, stirring to complete homogenization.
The mixture was extruded drop-wise through a hypodermic needle (0.9 × 25; 20 G) into a cold, sterile solution of CaCl 2 (0.2 M) and 0.9% NaCl (Sigma-Aldrich). The beads were left to harden in the same solution at room temperature and gentle stirring for 1 h. Finally, the beads were washed several times with 0.9% NaCl to remove excess calcium ions and untrapped cells.
The beads had an average diameter of 1.6 mm and were stored at 4 • C in propylene tubes containing 2 g of beads each. Sterile beads (without microorganisms) at the different viscosities were used to monitor the abiotic loss of naphthalene.
Batch Cultures
Batch cultures were performed using 125-ml flasks with 10 ml seawater and 1 ml culture at the end of the log phase or 2 g of alginate beads containing immobilized P. stutzeri cells.
The cultures were supplemented with naphthalene (10 or 25 mM), as indicated above, and with nitrogen and phosphorous when necessary.
Uninoculated flasks and flasks with sterile alginate beads were used as negative controls in order to evaluate the abiotic loss of naphthalene due to evaporation.
All flasks were incubated at 30 • C or 16 • C on a rotary shaker at 150 rpm. At preset intervals, samples were removed and the entire content was used to determine the degradation of naphthalene. The samples were stored at −20 • C and processed together at the end of the experiment. All experiments were performed in duplicate.
Enumeration of Viable Immobilized Cells
Previously weighed alginate beads were rinsed twice with a sterile 0.9% NaCl solution and suspended in 10 ml of a sterile 1% solution of sodium citrate (Panreac) (pH 6) (Klinkenberg et al., 2001 ). The suspension was vortexed to achieve a complete dissolution
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Biodegradation of Naphthalene in Seawater of the alginate and spread on Luria broth (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar) after serial dilution. The colonies were counted on agar plates after incubation for 48 h at 30 • C. All counts were performed in duplicate.
RESULTS AND DISCUSSION
In this study, the effects of different factors affecting the biodegradation of naphthalene in seawater were investigated. The results on biodegradation are depicted as the ratio of the residual and initial concentration (C/C 0 ) against time.
The experiments with sterile alginate beads were used to evaluate the abiotic loss of naphthalene. Using this parameter, the results obtained were corrected in order to prevent the abiotic naphthalene loss due to evaporation or adsorption to the beads from being attributed to bacterial degradation.
Effect of Storage on the Viability of Immobilized Cells of Pseudomonas stutzeri 19SMN4
Immobilized cells were stored at 4 • C and −20 • C in tubes containing 2 g of alginate beads. Cell viability was analysed after 15 and 33 days, as described above. The counts of colony-forming units (CFU) in fresh-made beads and after 15 and 33 days of storage at 4 • C and −20 • C are shown in Table 1 . The results show that the immobilized cells can be stored at 4 • C for at least 1 month with no appreciable loss of viability, whereas storage at −20 • C is not as suitable. The same study was carried with all three types of alginate beads, and the same results were observed (results not shown). This is advantageous for practical use of the beads, because it shows that they do not require any special or expensive storage conditions. 
Effect of Nutrient Supplementation on the Biodegradation of Naphthalene
In order to determine whether the availability of nitrogen and phosphorous might limit the uptake of naphthalene, the degradation of this hydrocarbon by free cells in seawater, with and without nutrient supplementation, was investigated ( Figure 1 , Table 2 ). The results at 30 • C revealed that an initial naphthalene concentration of 25 mM was almost completely degraded (93%) within the first 6 days of incubation in samples supplemented with nitrogen and phosphorous, whereas in the nonsupplemented samples, only 42% of the naphthalene was consumed after that time. At temperatures of 16 • C, and with an initial naphthalene concentration of 10 mM (conditions more similar to those found in marine environments), the presence of such nutrients was also seen to affect biodegradation, although to a lesser extent. So, in samples supplemented with nitrogen and phosphorous 55% the naphthalene was degraded, whereas in the non supplemented samples the degradation was only 34%.
According to these results, naphthalene was not toxic for P. stutzeri 19SMN4 when the only source of phosphorous and nitrogen came from seawater and supplementing seawater with phosphorous and nitrogen is important in order to obtain the highest possible degree of biodegradation. Accordingly, all ensuing biodegradation experiments were performed supplementing the seawater with sources of nitrogen and phosphorous. 
Effect of Temperature
The biodegradation of naphthalene was examined at 30 • C and 16 • C in order to test the effect of temperature on the process. Temperatures were respectively chosen according to the optimal growth conditions of Pseudomonas and the mean seawater temperature recorded for the Galician Coast. The results at incubation temperatures of 30 • C show that both free and immobilized cells degraded almost all the hydrocarbon present in the culture medium with an initial concentration 25 mM within 6 days, whereas at 16 • C only 22% was degraded in the case of free cells, and 34% in the case of immobilized cells (Figure 2 , Table 2 ). The fact that at the same temperature immobilized cells showed higher degradation rates may be due to the diffusional limits provided by alginate, which protects the bacterium from substrate inhibition (Abou Seoud and Maachi, 2003) . Biodegradation was much slower at 16 • C than at 30 • C. This could be due to both the solubility and, hence, the bioavailability, of naphthalene and to the rates of hydrocarbon metabolism, which decrease in parallel with decreasing temperatures (Bossert and Bartha, 1984; Shiu and Mackay, 2006) .
After 3 days of incubation at 30 • C, the medium turned brown; this could be due to the accumulation of cathecol, an intermediate product in the degradation of naphthalene. According to Park et al. (2004) , a brown pigmentation appears as a result of the nonenzymatic auto-oxidation of cathecol and other related compounds. 
Effect of the Initial Concentration Of Naphthalene
When the initial concentration of naphthalene in the medium was reduced from 25 to 10 mM, the final degradation by free cells remained unaffected ( Figure 3 , Table 2 ). Thus, after 6 days of culture, 5.3 and 6 mM of the initial concentrations of 10 and 25 mM were respectively degraded. Also, in the case of the immobilized cells the concentration of naphthalene degraded with the two concentrations tested was similar: approximately 8 mM in the case of cells entrapped in alginate with a viscosity of 240 cP for both concentrations and 10.4 and 7.5 for the cells entrapped in alginate of 3600 cP with a concentration of 25 and 10 mM, respectively. These results show that possible substrate inhibition is not present when the initial concentration is increased from 10 to 25 mM. Lower degradation rates were observed after 3 days of culture. This could be due to the accumulation of metabolites in the medium, which slows down degradation. After 7 days of culture of immobilized cells with an initial concentration of naphthalene of 25 mM, the pH of the medium fell from 7.25 to 5.64, 7.0 being the optimal pH for the activity of naphthalene dioxygenase (Dorn et al., 2003) . This decrease in pH may be due to the NH 4 NO 3 used as a nitrogen source to supplement the medium, because in a study by Aranha and Brown (1981) it was suggested that the use of this nitrogen source may lead to the accumulation of salicylic acid, which is an intermediate product of naphthalene catabolism, and hence to a reduction in the pH in the medium.
Effect of Alginate Viscosity
Alginate of three different viscosities was used to test the viability of entrapped cells and the degradation of naphthalene, as described in Materials and Methods. The shape of the beads was more spherical and regular in the case of those made with 3600 cP alginate. The 31.4 cP alginate afforded highly irregular beads, which were fragmented after 7 days of culture, whereas beads formed with 240 and 3600 cP alginate did not display any structural changes or damage after that time. These findings led us to discard the 31.4 cP alginate in further experiments. The initial concentration of naphthalene used for these experiments was 10 mM because this concentration was more similar to the real levels of naphthalene in contaminated seawater. Figure 4 shows that the viscosity of alginate does not affect the degradation rate of the cells. Thus, after 7 days of culture, beads made with both alginate types had degraded approximately the same amount of naphthalene present in the medium. In order to check the cellular retention of the beads, the number of viable cells in the beads and in the medium was analysed after 3 and 7 days (Table 3) . According to the results obtained, after 3 days the number of viable cells in the beads was reduced. This is probably due to an initial loss of cells caused by cellular death or exit to the culture medium. After 7 days culture, the number of viable cells in the beads was the same for both 240 cP and 3600 cP alginate. However, beads formed with high-viscosity alginate were more efficient at retaining cells, since the number of viable cells present in the medium was lower (8.0 × 10 2 CFU/ml) than in cultures with lower-viscosity alginate beads (8.2 × 10 4 CFU/ml).
Through this work, we have found a practical difficulty associated with the naphthalene extraction: due to its low solubility in water and high surface adherence, representative sampling from the cultures was impossible. Hence, we decided entire cultures for the determination of naphthalene concentrations.
The final conclusions of this study showed that (i) the biodegradation ratio was highly affected by temperature and nutrient supplementation of the culture medium. The tested naphthalene concentrations (25 and 10 mM) either have no toxic effects, or not inhibit the biodegradation, although the seawater was not supplemented with additional nitrogen and phosphorous sources; (ii) The alginate viscosity used for cell immobilization has not important effects on the biodegradation rates, but it does affect the cell release to the culture medium.
